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Abstract

Objective—Insulin resistance is increased by inflammation, but the mechanisms are unclear. The
present study was undertaken to test the hypothesis that decreased insulin sensitivity is
differentially associated with mediators of inflammation by studying 2 chronic inflammatory
diseases of different pathogenesis, systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA).

Methods—We measured fasting insulin, glucose, and lipid levels, erythrocyte sedimentation rate
(ESR), C-reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor a (TNF«), and
coronary artery calcification in 103 patients with SLE and in 124 patients with RA. Insulin
sensitivity was measured using the homeostasis model assessment (HOMA) index.

Results—The HOMA value was higher in RA patients (median 2.05 [interquartile range (IQR)
1.05-3.54]) than in SLE patients (1.40 [0.78-2.59]) (P = 0.007). CRP and ESR did not differ
significantly in RA and SLE patients. Body mass index (BMI) was significantly correlated with
the HOMA index in both RA (p = 0.20) and SLE (p = 0.54), independently of age, sex, race, and
current use of corticosteroids. In RA patients, the HOMA index was also significantly positively
correlated with IL-6 (» = 0.63), TNF« (p = 0.50), CRP (» = 0.29), ESR (p = 0.26), coronary
calcification (p = 0.26), and Disease Activity Score in 28 joints (p = 0.21); associations adjusted
for age, sex, race, BMI, and current use of corticosteroids remained significant (P < 0.05). In SLE
patients, the HOMA index was also significantly correlated with ESR (p = 0.35) and CRP (p =
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0.25), but not with other variables. The association between the ESR and the HOMA value in
patients with SLE remained significant after adjustment for confounding covariates (P = 0.008). In
multivariable models, the major contributing factors to the HOMA index were the BMI in SLE
patients, and IL-6 and TNFa levels in RA patients.

Conclusion—The pathogenesis of insulin resistance and its contribution to atherogenesis varies
in different inflammatory settings.

In recent studies, we showed a marked increase in the prevalence of the metabolic
syndrome, a constellation of cardiovascular risk factors that includes central obesity,
dyslipidemia, hypertension, and disturbed glucose metabolism, in patients with rheumatoid
arthritis (RA) or systemic lupus erythematosus (SLE) (1,2). Insulin resistance is a key
component of the World Health Organization—defined metabolic syndrome that is increased
in patients with RA or SLE (3,4).

Insulin resistance is an important contributor to the increased cardiovascular risk attributed
to the metabolic syndrome (5,6), and therefore, it is important to understand its
pathogenesis. There are several mechanisms that could contribute to altered insulin
sensitivity that may be important in patients with RA or SLE, and they provide insights into
the pathogenesis of insulin resistance associated with inflammation. These include obesity
(7), the medications used to treat inflammatory diseases (8,9), and inflammatory mediators

(3).

Obesity is a highly prevalent and modifiable risk factor associated with insulin resistance
and the metabolic syndrome (10). In addition, adipose tissue functions as an endocrine organ
and produces several inflammatory mediators, thus contributing to a proinflammatory state
and increased cardiovascular risk (10). Glucocorticoids modulate appetite, metabolism and
energy partitioning, exacerbate obesity (11), and induce insulin resistance and redistribution
of fat, features of the metabolic syndrome (12,13). Inflammation, acting through cytokines
such as tumor necrosis factor a (TNFc), facilitates the development of insulin resistance
(14).

The concentrations of TNFa and other mediators are elevated in patients with inflammatory
diseases, but their role in the mechanisms underlying insulin resistance associated with
inflammation is unknown. Thus, we examined the hypothesis that decreased insulin
sensitivity is differentially associated with mediators of inflammation by studying 2 chronic
inflammatory diseases of different pathogenesis, SLE and RA.

PATIENTS AND METHODS

Patients

We studied 103 patients with SLE and 124 patients with RA. These patients have
participated in other studies of cardiovascular risk factors (1,2,15-20), and detailed methods
have been previously described. Exclusion criteria for the present study were a history of
myocardial infarction, angina, or stroke, and the presence of diabetes. The study was
approved by the institutional review committee, and all subjects provided written informed
consent.

Assessments

Patients were evaluated using a standardized clinical interview, physical examination,
laboratory tests, and chart review. Height and weight were measured and the body mass
index (BMI) (weight [kg]/height [m?]) was calculated. Blood pressure was recorded as the
mean of 2 measurements obtained 5 minutes apart after subjects had rested for 10 minutes.
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Blood was collected for the measurement of glucose, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), and total cholesterol, triglycerides, Lp(a), homocysteine, and
insulin after overnight fasting. Insulin, interleukin-6 (IL-6), and TNFa concentrations were
measured using enzyme-linked immunosorbent assay (ELISA) (Millipore, Billerica, MA).
C-reactive protein (CRP) and the Westergren erythrocyte sedimentation rate (ESR) were
determined at the hospital clinical laboratory. Before 2003, our laboratory did not use a
high-sensitivity CRP assay, and low concentrations were reported as <3 mg/dl. In 33
patients with RA and 40 patients with SLE with CRP concentrations <3 mg/dl,
concentrations were measured by ELISA (Millipore) with a lower sensitivity limit of 0.125
mg/dl.

In patients with SLE, disease activity and damage were measured using the Systemic Lupus
Erythematosus Disease Activity Index and the Systemic Lupus International Collaborating
Clinics/American College of Rheumatology Damage Index (21,22). In patients with RA,
disease activity was measured using the Disease Activity Score in 28 joints (23), and disease
damage was quantified using the Larsen scale (24). Radiographs of the hands and feet were
available in posterior-anterior projection in 69 patients, and were graded by 1 researcher
(TS) using the Larsen scale.

Insulin sensitivity was determined using the homeostasis model assessment (HOMA) index
([fasting glucose (mmoles/liter) x fasting insulin (©U/ml)]/22.5). Based on the Study of
Inherited Risk of Coronary Atherosclerosis, we defined a HOMA index of >2.114 as
representing the top quartile of a nondiabetic population and thus indicative of insulin
resistance (25).

As a measurement of subclinical atherosclerosis, patients underwent computed tomography
(Imatron C-150 scanner; GE/Imatron, South San Francisco, CA) of the chest for coronary
artery atherosclerosis, as previously described (15,16). Briefly, imaging was performed with
a 100-msec scanning time and a single-slice thickness of 3 mm. Forty slices were obtained
during a single breath-holding period, starting at the aortic arch and proceeding to the level
of the diaphragm. All scans were read by a single experienced investigator (PR), who was
blinded with regard to the subjects’ clinical status. Coronary artery calcium scores were
calculated as described by Agatston et al (26).

Statistical analysis

Statistical analyses were performed in 2 phases. In the first phase, clinical characteristics
were compared in patients with RA and SLE, using chi-square tests for categorical variables
or Wilcoxon’s rank-sum tests for continuous variables. Multiple linear regressions were
used to assess the independent relationship between the diseases and the HOMA index with
adjustments for age, race, sex, BMI, and current use of corticosteroids.

In the second phase, the effects of clinical characteristics and markers of inflammation on
the HOMA index were assessed separately among patients with RA and those with SLE.
Spearman’s correlations were used to examine the association between the HOMA index
and continuous clinical characteristics. To assess the magnitude of the contribution of BMI
and inflammation markers to the relationship with the HOMA index, the R? value,
representing the proportion of variation explained, was calculated for 3 models. The first
model included age, sex, race, and current use of corticosteroids (base model); in the second
model, BMI was added to the base model; and the final models added individual
inflammatory biomarkers (TNFq, IL-6, or CRP) and BMI to the base model.

We also evaluated effect modification using cross-product terms (interaction terms) in the
multivariable model to test whether the relationship between BMI or the markers of
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inflammation and the outcome of insulin resistance differed between SLE and RA. In order
to minimize Type | error when assessing multiple interaction terms simultaneously, a global
test was performed using a partial F test on the entire model (including all interactions)
compared with the reduced model (without interaction terms). When the overall test was
statistically significant, each interaction between the diseases and BMI, TNF«, IL-6, or CRP
was reported. In addition, stratified analyses by disease (SLE or RA) were conducted. To
ensure normality of the residuals in the multiple linear regression, the HOMA values were
Box-Cox transformed, the TNFa and IL-6 values were logarithmically transformed, and the
CRP value was included as a nonlinear parameter using restricted cubic splines (27).
Regression diagnostics were performed to verify assumptions of normality of residuals. All
analyses used a 5% 2-sided significance level and were performed using Stata software,
version 9.2 (StataCorp, College Station, TX) and R version 2.4.0 (www.r-project.org).

Demographic characteristics, lipid profiles, other cardiovascular risk factors, fasting
concentrations of insulin, and the HOMA index for patients with RA (n = 124) or SLE (n =
103) are shown in Table 1. As would be expected, patients with SLE were younger and there
was a greater preponderance of women and African Americans. BMI did not differ, but the
HOMA index was significantly higher in patients with RA (2.0 [inter-quartile range (IQR)
1.0-3.5]) than in those with SLE (1.4 [0.8-2.6]) (P = 0.007). This difference remained
significant after adjustment for age, race, sex, BMI, and current corticosteroid use (P =
0.03). The results were essentially unchanged when hypertension (P = 0.026) or
antihypertensive medications (P = 0.030) were added as covariates.

Table 2 shows the association between the HOMA index and clinical characteristics. BMI
was more significantly correlated with the HOMA index in patients with SLE (p = 0.54, P <
0.001) than in patients with RA (p = 0.20, P = 0.03). Cumulative exposure to
hydroxychloroquine and corticosteroids was not associated with the HOMA index in either
SLE or RA. In patients with RA, concentrations of HDL cholesterol, measures of disease
activity and damage, and markers of inflammation (IL-6, TNFa, ESR, and CRP) were
significantly associated with the HOMA index. These associations remained significant after
adjustment for age, race, sex, BMI, and current corticosteroid use. In contrast, in patients
with SLE, concentrations of IL-6, TNFa, and CRP were not associated with the HOMA
index, and only HDL cholesterol and ESR were. Furthermore, the HOMA index was
associated with coronary calcification in RA (p = 0.26, P = 0.003), as previously described
(2), but not SLE (p = 0.11, P = 0.27). The relationship between the HOMA index and
coronary artery calcification in patients with RA remained significant after adjustment for
age, race, sex, BMI, and current corticosteroid use (P = 0.02), and after additional
adjustment for CRP (P = 0.018).

Table 3 shows the proportion of the variation of the HOMA index (expressed as R?)
explained by the addition of different sets of variables to the model. In patients with SLE,
BMI was the main contributor to the prediction of the HOMA index; the addition of TNFa«
and IL-6 to the model had no material effect. In contrast, in patients with RA, BMI
contributed little, and TNFa and IL-6 were the important contributors. Figures 1A, B, and C
show the interactions in the association between BMI, IL-6, and TNF«, respectively, and the
HOMA index. After adjustment for age, sex, race, and current use of corticosteroids, there
was evidence of an overall modification of the association between BMI, I1L-6, TNFa, CRP,
and insulin resistance that differed between patients with RA and SLE (P <0.001). The
effect of modification of diseases on the relationship between BMI and each marker of
inflammation was further assessed with a test for interaction for BMI (P = 0.04), TNFa (P =
0.16), IL-6 (P < 0.001), and CRP (P =0.71).
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DISCUSSION

The major novel findings of this study were that insulin resistance in RA was independently
associated with markers of inflammation and disease characteristics but not obesity, and in
contrast, BMI was the major contributing factor to insulin resistance in patients with SLE.
Furthermore, insulin resistance was associated with coronary artery calcification in RA but
not SLE. These findings are of interest because they suggest that 2 inflammatory rheumatic
diseases have insulin resistance of different pathogenesis and that it is the insulin resistance
associated with inflammation that is also associated with coronary atherosclerosis.

In the general population, insulin resistance may be fundamental to the increased
cardiovascular risk attributed to the metabolic syndrome (5,6). Indeed, measures of insulin
resistance contributed to the association between the metabolic syndrome and coronary
atherosclerosis, independently of age, nonmetabolic syndrome cardiovascular risk factors,
and CRP (25). Also, individuals in the highest quintile of insulin resistance had more than
twice the increased risk for incident cardiovascular events compared with those in the lowest
quartile (6). Thus, identification of insulin resistance and the mechanisms underlying it are
of interest.

Obesity is an important factor in the pathogenesis of insulin resistance. In the general
population, obesity is associated with an inflammatory state and there is a close relationship
between obesity and markers of inflammation (28). In the present study, patients with SLE
or RA were of similar BMI, yet there was a strong association between the HOMA index
and BMI in patients with SLE but not in those with RA, suggesting a differential
relationship between BMI and insulin sensitivity in the 2 diseases. This was confirmed by a
significant result when statistical tests for interaction were performed (P = 0.04).

Global markers of inflammation, such as CRP and ESR, did not differ significantly in
patients with SLE and RA; in fact, ESR tended to be higher in patients with SLE. However,
in patients with RA, insulin resistance was associated with several markers of inflammation,
including TNFa, IL-6, ESR, and CRP, and measures of disease activity and damage. In
contrast, in patients with SLE, reduced insulin sensitivity was associated with an elevated
ESR, but not with other markers of inflammation. Thus, these findings suggest not only that
inflammatory mediators may contribute to reduced insulin sensitivity in RA, but also that
the potential mechanisms underlying increased insulin resistance differ in different
inflammatory conditions.

A study evaluating factors associated with glucose metabolism in patients with RA found
that obesity correlated best with insulin resistance (29). We found that inflammation,
measured by ESR or CRP, and obesity, measured by BMI, both explained a similar
proportion of the variance in the HOMA index in RA. However, inflammation, measured by
IL-6 and TNFa, explained a substantially larger proportion of the variance, independently of
the contribution of age, race, sex, BMI, and current use of corticosteroids. This reinforces
the concept that in patients with RA, specific mediators of inflammation play a fundamental
role in the pathogenesis of insulin resistance.

The association between TNFa and the HOMA index in patients with RA is consistent with
findings in the general population (30), but it is interesting that in SLE, TNF« concentrations
were similarly elevated, but were not associated with the HOMA index. TNFa plays a role
in the development of insulin resistance (31), and in an animal model of obesity,
neutralization of TNFa increased the peripheral uptake of glucose in response to insulin
(14). TNFa, although associated with obesity, also has independent actions on insulin
sensitivity. In healthy volunteers who were within 10% of their ideal body weight, an
infusion of TNF produced an early and sustained increase in plasma glucose concentrations
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(32). Also, several pathologic conditions unrelated to obesity, such as endotoxemia, cancer,
and trauma, are associated with both increased TNFa production and insulin resistance (33).
TNFa antagonists improved insulin sensitivity in some studies (34,35), but not all (36), and
other inflammatory mediators also affect insulin sensitivity (37).

IL-6 plays a role in regulating glucose metabolism, and concentrations are higher in patients
with the metabolic syndrome (38). Potential mechanisms to explain the association between
IL-6 and insulin resistance include reductions in adiponectin (an adipocyte-sensitizing
adipokine), insulin-dependent glucose transporter 4, and insulin receptor substrate 1 (39).
However, the effects of IL-6 are complex, and under particular conditions, it may either
increase or decrease insulin resistance (39,40); long-term exposure to IL-6 appears more
likely to induce insulin resistance (41). Thus, IL-6 may be of major importance in some
diseases characterized by chronic inflammation. We found that IL-6 concentrations were
significantly higher in patients with RA than in those with SLE, and this difference may
contribute to the differential role of inflammation in the pathogenesis of insulin resistance in
the 2 diseases. Thus, we found that IL-6 and TNFa explain a large proportion of the variance
in insulin resistance in RA, and consistent with our findings, infliximab reduces insulin
resistance in RA (42). This reinforces the concept that in patients with RA, inflammation
plays a fundamental role in insulin resistance.

Glucocorticoids induce glucose intolerance (43), and thus are prime candidates to explain
the reduced insulin sensitivity in both RA and SLE. However, we (1,2) and others (4,44)
found only borderline or no association between corticosteroids and the presence of the
metabolic syndrome or insulin resistance in patients with RA or SLE, suggesting that
perhaps better control of inflammation (45) may counterbalance the deleterious effect of
corticosteroids on glucose metabolism. As reported by others (46), we found that patients
with SLE had higher concentrations of Lp(a) than those with RA. A relatively weak
relationship between Lp(a) and insulin resistance has been noted in other populations (47).
Thus, we believe this difference is consistent with the notion that the mechanisms
underlying insulin resistance in RA and SLE differ.

Consistent with findings in the general population (25,48), the HOMA index was associated
with coronary artery calcification in patients with RA (2). However, in patients with SLE,
this was not the case. This suggests not only that insulin resistance may have a different
pathogenesis in RA and SLE, but also that the relationship between insulin resistance and
atherosclerosis may differ. Because insulin resistance and its cardiovascular consequences
may be differentially associated with inflammatory cytokines, therapeutic agents that target
these cytokines may also decrease the risk of cardiovascular outcomes differentially in
various inflammatory settings.

In summary, 2 chronic inflammatory diseases, RA and SLE, are both associated with insulin
resistance, but the mechanisms and relationship with coronary atherosclerosis differ. The
major contributing factors to insulin resistance were BMI in SLE, and IL-6 and TNFa in
RA. The pathogenesis of insulin resistance and its contribution to atherogenesis varies in
different inflammatory settings.
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Figure 1.

Relationship between body mass index (BMI) (A), interleukin-6 (IL-6) (B), and tumor
necrosis factor a (TNFa) (C) and the homeostasis model assessment (HOMA) index in
patients with systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA). A is
adjusted for age, sex, race, and current use of corticosteroids, TNFa, IL-6, and C-reactive
protein (CRP). P < 0.001 for SLE slope, P = 0.02 for RA slope, and P = 0.04 for interaction.
B is adjusted for age, sex, race, BMI, current use of corticosteroids, TNFa, and CRP. P =
0.17 for SLE slope, P < 0.001 for RA slope, and P < 0.01 for interaction. C is adjusted for
age, sex, race, BMI, current use of corticosteroids, IL-6, and CRP. P = 0.21 for SLE slope, P
< 0.001 for RA slope, and P = 0.16 for interaction.
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Table 1

Demographic and clinical characteristics of the RA and SLE study patients™

Characteristic RA patients (n = 124)  SLE patients (n = 103) P
Demographics
Age, years 52 (44-61) 40 (30-46) <0.001
Sex, % female 73 91 <0.001
White, % 89 68 <0.001
Cardiovascular risk factors
Systolic blood pressure, mm Hg 130 (116-142) 117 (106-128) <0.001
Diastolic blood pressure, mm Hg 74 (67-82) 73 (65-81) 0.28
BMI, kg/m? 28 (24-32) 27 (24-33) 0.86
Homocysteine, umoles/liter 10.2 (8.0-11.9) 9.2 (7.3-11.1) 0.02
Cumulative smoking, pack-years 0 (0-18) 0(0-4) 0.11
Cholesterol, mg/dl 188 (160-213) 165 (141-206) 0.01
Low-density lipoprotein, mg/dI 114 (90-136) 96 (81-130) 0.008
High-density lipoprotein, mg/dI 44 (38-56) 48 (36-55) 0.84
Lipoprotein(a), mg/dl 6.9 (2.1-24.7) 12.0 (5.0-37.5) 0.001
Triglycerides, mg/dl 108 (76-141) 99 (71-155) 0.74
Glucose, mg/di 86 (81-92) 83 (75-90) 0.003
Insulin resistant, % 49 41 0.21
HOMA index 2.0 (1.0-3.5) 1.4 (0.8-2.6) 0.007
Measures of disease activity and damage
sLepalt NA 4 (1-6) NA
SLICC/ACRY NA 0(0-1) NA
DAs2st 2.9(2.1-3.9) NA NA
M-HAQS 0.4 (0.0-0.8) 0.1 (0.0-0.6) 0.03
Current use of corticosteroids, no. (%) 69 (56) 61 (59) 0.59
Cumulative corticosteroid dose, gm 2.8(0.5-9.4) 11.6 (2.7-26.5) <0.001
Other markers of inflammation
ESR, mm/hour 13 (5-30) 17 (9-37) 0.06
CRP, mglliter 3.6 (1.0-11.0) 4.0 (0.6-7.0) 0.10
IL-6, pg/ml 13.8 (4.0-44.9) 5.5 (2.1-24.3) <0.001
TNFa, pg/ml 4.9 (2.6-11.1) 4.7 (3.0-7.6) 0.24
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*

Except where indicated otherwise, values are the median (interquartile range). P values were calculated using chi-square tests for categorical
values and Wilcoxon’s rank sum tests for continuous variables. RA = rheumatoid arthritis; SLE = systemic lupus erythematosus; BMI = body mass
index; HOMA = homeostasis model assessment; SLEDAI = Systemic Lupus Erythematosus Disease Activity Index; NA = not applicable; SLICC/
ACR = Systemic Lupus International Collaborating Clinics/American College of Rheumatology; DAS28 = Disease Activity Score in 28 joints; M-
HAQ = modified Health Assessment Questionnaire; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; IL-6 = interleukin-6; TNFa =

tumor necrosis factor a.

THigher scores indicate greater disease activity.

iHigher scores indicate greater disease-related damage.

§Lower scores indicate better functional capacity.
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Table 3
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Magnitude of the contribution of BMI and markers of inflammation in the HOMA index response models™

R2
RA patients  SLE patients
Age, sex, race, and current use of corticosteroids 0.03 0.02
Age, sex, race, current use of corticosteroids, and BMI 0.07 0.33
Age, sex, race, current use of corticosteroids, BMI, and TNFa 0.37 0.34
Age, sex, race, current use of corticosteroids, BMI, and IL-6 0.45 0.34
Age, sex, race, current use of corticosteroids, BMI, and CRP 0.15 0.34
Age, sex, race, current use of corticosteroids, BMI, and ESR 0.15 0.37

*
See Table 1 for definitions.
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